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COMPOUND SEMICONDUCTOR DEVICE
STRUCTURES COMPRISING
POLYCRYSTALLINE CVD DIAMOND

CROSS-REFERENCE TO PRIOR
APPLICATIONS

This application 1s a national Stage Patent Application of
PCT International Patent Application No. PCI/EP2015/
079034, filed on Dec. 9, 2015 under 35 U.S.C. § 371, which
claims priority of U.S. 62/093,717, filed on Dec. 18, 2014
and GB 13029354.9, filed on Feb. 23, 2015, which are all

hereby incorporated by reference 1n their entirety.

FIELD OF THE INVENTION

Certain embodiments of the present mvention relate to
compound semiconductor device structures, and methods of
tabrication, comprising polycrystalline CVD diamond with
low thermal boundary resistance between the compound
semiconductor and the polycrystalline CVD diamond. The
primary application of this invention 1s thermal management
of high-power electronic and optoelectronic devices.

BACKGROUND OF THE INVENTION

Thermal management in semiconductor devices and cir-
cuits 1s a critical design element 1n any manufacturable and
cost-ellective electronic and optoelectronic product, such as
light generation and electrical signal amplification. The goal
of eflicient thermal design i1s to lower the operating tem-
perature of such electronic or optoelectronic device while
maximizing performance (power and speed) and reliability.
Examples of such devices are microwave transistors, light-
emitting diodes and semiconductor lasers. Depending on the
frequency of operation and power requirements, these
devices have been conventionally made on silicon, gallium
arsenide (GaAs), indium phosphide (InP), and in recent
years galllum nitride (GaN), aluminum nitride (AIN) and
other wide-gap semiconductors. Galllum nitride material
systems 1n particular give rise to microwave transistors with
high-electron mobility (necessary for high-speed operation),
high breakdown voltage (necessary for high power), and
thermal conductivity that 1s greater than GaAs, InP, or
silicon, and thus advantageous for use in high power appli-
cations. GaN 1s also used in manufacturing of blue and
ultraviolet lasers and light-emitting diodes. In spite of the
high-temperature performance, GaN electronic and opto-
clectronic devices are limited 1n performance due to rela-
tively low thermal resistance of the substrates commonly
used for growth of GaN. This deficiency 1s most pronounced
in high-power microwave and millimeter-wave transistors
and amplifiers where reduced cooling requirements and
longer device life, both benefiting from lower junction
temperature, are in critical demand. Similar need 1s exhib-
ited mm high-power blue and ultraviolet lasers where a
several-micrometer-wide laser cavity stripe dissipates power
into the chip though low thermal conductivity maternials.

It 1s well known that when considering isotropic behav-
iors diamond 1s the most thermally conductive substance
known to man at room temperature. For this reason, the
semiconductor industry has been employing diamond heat-
sinks and heat spreaders for improved thermal management
since the commercialization of synthetic diamond by chemi-
cal-vapor deposition 1n the 1980s. The objective of optimal
heat management 1s to bring the diamond heat-spreader or
diamond layers 1nto close proximity to the heat source 1n the
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clectronic or optoelectronic devices. This means building
devices on thin chips and mounted on diamond heat-spread-
ers, coating devices with diamond layers, or transferring
device epilayers (epitaxially grown semiconductor layers)
onto diamond.

(GaN-on-diamond technology and resulting devices (de-
scribed 1n U.S. Pat. No. 7,5935,507) involve structures which
feature GaN epilayers less than a micron from a CVD
diamond substrate. This technology enables bringing
together the best heat conductor (diamond) together with
clectronic and optoelectronic devices based on gallium-
nitride (GaN) and GaN-related compounds while minimiz-
ing any thermal barrier associated with, for example, more
common semiconductor-solder-diamond attachment
schemes. Due to GalN’s inherent high critical electrical field
and wide bandgap, GaN devices are preferred for high
power clectrical and optoelectronic applications, such as,
high power RF transistors and amplifiers, power manage-
ment devices (Schottky diodes and switching transistors), as
well as, high power blue and ultraviolet lasers or light-
emitting diodes.

GaN 1s presently grown on several diflerent substrates:
sapphire, silicon, silicon carbide, aluminum nitride, single-
crystal diamond, and GaN substrates. With the exception of
(GaN substrates, all other materials have lattice constants that
differ from that of GaN and AlGaN. Natural diamond 1s an
excellent thermal conductor, but has not been available for
these applications due to 1ts available area, reduced thermal
properties over high purity synthetic diamond, and cost.
Presently, synthetic diamond i1s being manufactured with
vartous degrees of crystallinity. Polycrystalline diamond
deposited by chemical-vapor deposition (CVD) 1s suitable
for use 1n the semiconductor industry as its thermal conduc-
tivity 1s close to that of single crystal diamond, 1t can provide
electrical 1solation, has low dielectric losses, and can be
made transparent. CVD diamond substrates for semiconduc-
tor industry can be formed as round waters with standard
diameters. Diamond wafers are manufactured by chemical
vapor deposition by one of three main methods: plasma
enhanced diamond CVD where the energy to dissociate the
reactants comes Ifrom a microwave source, thermally
assisted diamond CVD where the energy for dissociating
gasses comes from a hot filament, and plasma torch where
ions are accelerated using a high DC voltage. In these
processes, synthetic diamond 1s grown on top of non-
diamond substrates, such as, silicon, silicon nitride, silicon
carbide and different metals.

The CVD diamond growth process 1s carried out in a
vacuum chamber within which a substrate 1s provided on top
of which diamond 1s to be grown. The substrate 1s exposed
to the energy source needed to dissociate molecules of
precursor gases needed to form diamond on the surface of
the substrate. The precursor gases needed in the chemical
vapor deposition of diamond are a source of carbon diluted
in hydrogen (H,). Typical carbon-carrying gases are meth-
ane (CH,), ethane (C,H,), carbon monoxide (CO), and
acetylene (C.H,), with methane (CH,) being the most
commonly used. The gas combination needed for eflicient
diamond deposition contains a small (several percent) com-
position of the carbon-carrying gas in hydrogen, and the
reaction can be further assisted with addition of oxygen or
oxygen precursors such as CO or CO,. A most common
parameter specilying the gas-flow recipe 1s given 1n terms of
the molar ratio of carbon carrying gas flow and hydrogen gas
flow. For example, in terms of percentage [CH,|/[H,] where
|[CH,] and [H,] are molar tflow rates typically measured in
standard cubic centimeters per minute (sccm). Typical sub-
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strate temperatures during the deposition process are
between 550° C. and 1200° C., and deposition rates are
usually measured 1n micrometers (um) per hour.

Growth of synthetic diamond on non-diamond substrates
includes a surface preparation phase and a nucleation phase
in which conditions are adjusted to enhance the growth of
diamond crystals on the host (non-diamond) substrate. This
1s most commonly done by seeding (linked also to substrate
scratching) the surface with diamond powder 1n a controlled
and repeatable manner. During the growth phase, the grain
s1ze of synthetic diamond increases and as a result synthetic
diamond films are inherently rough after deposition. The
nucleation of diamond generally starts with very small
diamond domains embedded 1n non-diamond matrix which
has poor thermal conductivity 1n the near-substrate regions.
Various types of seeding have been discussed in the prior art
including mechanical, ultrasonic and mega-sonic seeding of
nucleation layers on various substrates and wafers.

The increasing high power density 1n GaN-based HEMTs
(high electron mobility transistors) makes thermal manage-
ment critically important. CVD polycrystalline diamond of
high thermal conductivity oflers superior heat removal capa-
bility near the device junction compared to state-oi-the-art
S1C substrates. The latest GaN-on-diamond HEMTs have
demonstrated excellent device characteristics [D. C. Dumka
et al., IEEE Electron Lett. 49(20), 1298 (2013)] and are
scalable to 4-inch waters [D. Francis et al., Diamond Rel.
Mater. 19(2-3), 229 (2010)]. This GaN-on-diamond tech-
nology starts with a MOCVD-grown AlGaN/GaN epilayer
on silicon or silicon carbide, and ivolves depositions of a
thin dielectric seeding layer (e.g. amorphous silicon carbide,
s1licon, silicon nitride, aluminium nitride, magnestum oxide,
boron nitride, or beryllium oxide) and CVD diamond on the
exposed GalN, following the removal of the native GaN
growth substrate and transition layers [D. C. Dumka et al.,

IEEE Electron Lett. 49(20), 1298 (2013); D. Francis et al.,
Diamond Rel. Mater. 19(2-3), 229 (2010)]. The dlelectrlc
seeding layer serves as both a nucleation layer for the
diamond material and a protective layer for the GalN during
diamond growth. As such, the dielectric seeding layer must
be sufliciently thick to fulfill these functions. However, the
dielectric interlayer and the initial nucleation layer of dia-
mond growth result 1n an effective thermal boundary resis-
tance (IBR_;) at the GaN/diamond interface, which i1s a
major thermal barrier that limits the full thermal benefit of
diamond [J. W. Pomeroy et al., Appl. Phys. Lett. 104(8),
083513 (2014)].

To date, direct growth of diamond on GaN has been
problematic. This has primarily been due to reaction of
atomic hydrogen with exposed GalN and the subsequent
degradation and reduction of the GalN substrate. The typical
method for circumventing the problem known to practitio-
ners in the art has been to grow a dielectric interlayer on top
of the GalN which serves as both a protective layer for GaN
and a nucleation layer for diamond as described above.
While this approach has been successtul 1n protecting the
GaN layer, i1t has introduced multiple thermal boundaries
that negatively impact the total thermal resistance and full
benefits of a highly conductive substrate. In addition, the
requirement for a dielectric interlayer between the GalN and
the diamond introduces additional surface preparation and
deposition steps into the fabrication process which increase
the complexity and expense of the fabrication process.

A significant challenge in achieving intimate integration
of diamond with GaN, lies in balancing the reduction of
thermal boundary resistance (TBR) due to various layers at
the interface of GalN and diamond, achieving the right level
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of seeding for robust adhesion to the nucleating layer(s), and
providing suflicient protection for the underlying GaN when

depositing CVD diamond thereon so as to not adversely
allect the electronic properties of the GaN epilayer structure.
The present inventors have studied the effect of the dielectric
interlayer thickness on the eflective thermal boundary resis-
tance (IBR_z) at the GaN/diamond interface. The present
inventors have previously found that a dielectric interlayer
of at least about 35 nm thickness 1s required to protect a GaN
substrate during CVD diamond growth thereon. However,
this results 1n a lower limit to the effective thermal boundary

resistance between the GaN and diamond.

SUMMARY OF THE

INVENTION

-

T'he present inventors have developed a diamond seeding
technique which allows one to completely eliminate the
dielectric seeding layer while still allowing diamond growth
on a compound semiconductor substrate without damaging
the compound semiconductor material. The method uses
ultra-nano-crystalline diamond sonication to form a substan-
tially void free nano-crystalline diamond nucleation layer of
a controlled thickness. This results 1 a semiconductor
device structure comprising:

a layer of compound semiconductor material; and

a layer of polycrystalline CVD diamond matenial,

wherein the layer of polycrystalline CVD diamond mate-

rial 1s bonded to the layer of compound semiconductor
material via a layer of nano-crystalline diamond which
1s directly bonded to the layer of compound semicon-
ductor material, the layer of nano-crystalline diamond
having a thickness 1n a range 5 to 50 nm and configured
such that an eflective thermal boundary resistance
(IBR_,) as measured by transient thermoretlectance at
an 1nterface between the layer of compound semicon-
ductor material and the layer of polycrystalline CVD
diamond material is no more than 50 m°K/GW.

Embodiments of the present invention provide a direct
diamond-to-compound semiconductor (e.g. GaN) interface
without any dielectric interlayer disposed therebetween and
without damaging the compound semiconductor. As such,
both thermal and electronic properties of the device structure
can be optimized. Furthermore, by eliminating the require-
ment for a dielectric interlayer between the diamond and
compound semiconductor layers, the fabrication process can
be simplified with few surface preparation and deposition
steps.

The method of fabricating a semiconductor device struc-
ture as defined above comprises:

providing a substrate comprising a layer of compound

semiconductor material;

forming a seed layer of nano-crystalline diamond having

a layer thickness 1n a range 5 to 50 nm on the layer of
compound semiconductor matenal; and

growing a layer of polycrystalline CVD diamond on said

seed layer using a chemical vapour deposition (CVD)
technique.

It has been found that a suitable seed layer can be formed
using a colloidal suspension of nanocrystalline diamond
powder and application of sonic power, with particle size,
deposition time, and sonic power selected to achieve the
required effective thermal boundary resistance (IBR_ g
while also ensuring that the seed layer functions as an
cellective protective barrier during CVD diamond growth
such that the underlying compound semiconductor 1s not
unduly damaged. Further still, 1t has been surprisingly found
that such a seed layer does not prevent adhesion of the CVD
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diamond layer to the compound semiconductor substrate.
This 1s very surprising as one would have thought that the
provision of a relatively thick layer of nano-crystalline seed
particles over the substrate would prevent adhesion of the
CVD diamond layer to the compound semiconductor sub-
strate. That 1s, one would have thought that the CVD
diamond layer would bond to the layer of nano-crystalline
seed particles but the nano-crystalline seed particles would
not become bonded to the underlying compound semicon-
ductor substrate. While not being bound by theory, 1t would
appear that 1f the compound semiconductor layer 1s made
sufliciently flat and smooth, and nanometer size diamond
seed particles are utilized, then the nanometer size diamond
seed particles bond electrostatically to the compound semi-
conductor layer. A surprisingly thick layer of nanometer size
diamond particles can be formed in this manner. This
compares with larger micrometer size diamond seed par-
ticles which do not electrostatically bond i1n this manner.
Furthermore, again while not being bound by theory, it
would appear that vapour phase infiltration of the nano-
crystalline diamond seed layer may occur during the early
stages of diamond growth resulting in the nano-crystalline
seed particles bonding to the underlying compound semi-
conductor substrate and also to each other to form a coherent
bonded nano-crystalline diamond layer without substantially
damaging the underlying compound semiconductor sub-
strate.

BRIEF DESCRIPTION OF THE

DRAWINGS

For a better understanding of the present mvention and to
show how the same may be carried into effect, embodiments
of the present invention will now be described by way of
example only with reference to the accompanying drawings,
in which:

FIG. 1 shows a schematic of a transient thermoretlectance

measurement setup used to measure an eflective thermal
boundary resistance (I1BR_ ) at an interface between a layer

of compound semiconductor material and a layer of poly-
crystalline CVD diamond matenal;

FIG. 2 shows a reflectance spectrum of a GalN-on-dia-
mond waler, demonstrating the wvalidity of the linear
approximation between retlectance change and surface tem-
perature modulation at a probe laser wavelength of 532 nm;

FIG. 3 shows a normalized transient reflectance of GalN-
on-diamond wafers with different thicknesses of the dielec-
tric seeding layer—two diamond growth methods were
used: hot filament (HF) CVD; and microwave (MW ) plasma
CVD (inset shows a schematic of the sample layer struc-
ture);

FIG. 4 shows TBR_4; of a GaN/diamond interface as a
function of dielectric seeding layer thickness—the corre-
sponding transistor peak channel temperature rise 1s indi-
cated on the rnight vertical axis;

FIG. 5 shows a Transmission Electron Micrograph (TEM)
cross-section of the ultra-nano-crystalline seed layer indi-
cating a well-defined, ordered nano-crystalline diamond
interface with discernible diamond seeds and free of inter-
facial voids; and

FIG. 6 shows a schematic diagram of a three layer
structure comprising a layer of compound semiconductor
material, a layer of nano-crystalline diamond, and a layer of
micro-crystalline diamond.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

Before describing a modified seeding technique for
achieving low thermal boundary resistance GaN-on-Dia-
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mond products 1n accordance with embodiments of the
present invention, a description of a new measurement
technique for probing the thermal boundary resistance of
such products 1s given below.

The measurement technique comprises a transient ther-
moretlectance method to characterize the GaN-on-diamond
IBR_4 This tully contactless technique does not require any
additional deposition and can be used on as-grown wafers
prior to device fabrication. The rapid evaluation of wafer
thermal resistance enables (GalN-on-diamond waler manu-
facturers to refine the growth conditions for improving the
transistor thermal performance.

The nanosecond transient thermoretlectance method 1s a
laser-based pump-probe technique [J. W. Pomeroy et al.,

IEEE Electron Device Lett. 35(10), 1007 (2014)]. A 10 ns,
355 nm pulse laser (third harmonic of Nd:YAG) above the
GaN bandgap 1s used as a pump beam to impulsively heat
the AlGaN/GaN surface. This temperature rise induces a
change 1n the surface reflectance which 1s linearly tempera-
ture dependent. A 532 nm CW laser (second harmonic of
Nd:YAG) 1s used as a probe beam to monitor this retlectance
(and thus temperature) change in the time domain. The
surface temperature relaxes due to heat diffusion into the
GaN layer and diamond substrate, and 1n this way thermal
properties including TBR_ . can be extracted from the tem-
perature transient. The two laser beams are coaxially
directed to a standard microscope for convenient waler
mapping. An amplified silicon photodetector 1s used to
record the intensity of the probe laser reflected from the
sample surface. A schematic of the experimental setup 1s
shown 1 FIG. 1.

Under certain conditions, due to partially coherent inter-
nal retlections when the probe laser wavelength 1s 1n the
vicinity of the maximums or mimmums of the total reflec-
tance spectrum, the reflectance change may not be propor-
tional to the surface temperature modulation. The probe
laser wavelength (532 nm) chosen here does not fall into
these “nonlinear” regions, which 1s illustrated in FIG. 2. A
temperature rise of 60° C. 1s equivalent to a 10 nm shift in

wavelength for the reflectance, calculated using the wave-
length [N. A. Sanford et al., J. Appl. Phys. 94(5), 2980

(2003)] and temperature [N. Watanabe, et al., J. Appl. Phys.
104(10), 106101 (2008)] dependence of the GaN refractive
index. In these measurements, the maximum temperature
modulation 1s less than 60° C., within regions where a linear
approximation between retlectance change and surface tem-
perature rise 1s valid. Moreover, identical thermoretlectance
decays were obtained on wafers with and without a gold

transducer [J. W. Pomeroy et al., IEEE Electron Device Lett.

35(10), 1007 (2014)], Verlfymg that the response indeed
originates from the surface temperature.

FIG. 3 shows the time-resolved normalized reflectance
change of a series of GaN-on-diamond waters, each having
a nominal thickness of the dielectric seeding layer from 28
nm to 100 nm, and a diamond substrate grown by either hot
filament (HF) CVD or microwave (MW) plasma CVD. A
faster decay in the transient (and thus the surface tempera-
ture) indicates a lower TBR_, as heat diffuses more eth-
ciently into the diamond substrate. This measurement is
most sensitive to TBR_ . since the GaN/diamond mterface 1s
the dominant heat barrier. The effect of the diamond sub-
strate, however, also contributes to the temperature transient
as seen on the long timescales 1n FIG. 3. The separation of
the transients beyond 500 ns suggests that opaque HF
diamond has a smaller thermal conductivity than the trans-
lucent MW diamond.
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The measured transients were fitted using a finite element
thermal model and the extracted TBR_,. 1s plotted as a
function of the dielectric interlayer thickness in FIG. 4.
IBR_;follows approximately a linear relationship with the
dielectric layer thickness; the deviations are likely due to the
contribution of the diamond nucleation surface that varies
from watler to water. Using a multi-finger transistor thermal
model [J. W. Pomeroy et al., IEEE Electron Device Lett.
35(10), 1007 (2014)], the peak channel temperature rise
corresponding to each TBR_,was calculated and shown on
the right vertical axis. This highlights the importance of
reducing TBR_,to lower the device thermal resistance. By
decreasing 1BR_, from 50 m°K/GW to 12 m”"K/GW, the
transistor channel temperature rise can be reduced by 30%.
However, i1t has been found that using standard diamond
seeding techniques a ceramic interlayer of at least about 35
nm thickness 1s required to protect a GaN substrate during
CVD diamond growth thereon. As can be seen from FIG. 4,
this results 1n a lower limit to the effective thermal boundary
resistance of about 20 to 25 m°K/GW.

In light of the above, the present mnventors have mvesti-
gated different methods of providing a better interface
between a compound semiconductor substrate and a poly-
crystalline CVD diamond layer growth thereon. In doing so,
the present inventors have developed an optimized diamond
seeding technique which allows one to completely eliminate
the dielectric seeding layer while still allowing diamond
growth on a compound semiconductor substrate without
damaging the compound semiconductor. The method uses
sonication and/or electrochemical deposition of nano and/or
ultra-nano-crystalline diamond to form a substantially void
free diamond nucleation layer of a controlled thickness. This
results 1n a semiconductor device structure comprising:

a layer of compound semiconductor material; and

a layer of polycrystalline CVD diamond material,

wherein the layer of polycrystalline CVD diamond mate-

rial 1s bonded to the layer of compound semiconductor
material via a layer of nano-crystalline diamond which
1s directly bonded to the layer of compound semicon-
ductor material, the layer of nano-crystalline diamond
having a thickness 1n a range 5 to 50 nm and configured
such that an effective thermal boundary resistance
(IBR_;) as measured by transient thermoreflectance at
an 1nterface between the layer of compound semicon-
ductor material and the layer of polycrystalline CVD
diamond material is no more than 50 m°K/GW, 40
m-K/GW, or 30 m*K/GW.

This device structure, which does not include an addi-
tional dielectric imterlayer between the diamond material and
the compound semiconductor material, avoids the require-
ment for an additional ceramic deposition step that subjects
the compound semiconductor waier to high temperatures
and can 1impact yield and/or cost. Furthermore, by eliminat-
ing the additional dielectric interlayer this opens up the
opportunity to further reduce the effective thermal boundary
resistance between the diamond material and the compound
semiconductor material down towards the theoretical mini-
mum of 3 m°K/GW, or at least match the best previous
values above 10 m*K/GW, for example, in the range 20 to
30 m”K/GW, for device structures including a thin dielectric
interlayer.

It has been found that a suitable seed layer can be formed
using a colloidal suspension of nano-crystalline diamond
powder and application of sonic power, with particle size,
deposition time, and sonic power selected to achieve the
required effective thermal boundary resistance (1BR, )
while also ensuring that the seed layer functions as an
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ellective protective barrier during CVD diamond growth
such that the underlying compound semiconductor 1s not
unduly damaged. An alternative 1s to use electrochemical
methods where the diamond/water relative potentials are
controlled to give uniform and conformal deposition. Fur-
ther still, 1t has been surprisingly found that such a seed layer
does not prevent adhesion of the CVD diamond layer to the
compound semiconductor substrate.

Whilst techniques for seeding comprising colloidal sus-
pensions, nanocrystalline diamond powders, and application
of sonic power or electrochemical deposition have been
described belfore for seeding and growth of high nucleation
density diamond, the impact and nature of such methods for
improving the thermal barrier resistance of a diamond-
compound semiconductor interface has not previously been
demonstrated. The present inventors have devised a meth-
odology for coating of compound semiconductor substrates
that allows tailoring of the thickness and density of the seed
stack dispersed on the semiconductor substrate and conse-
quently control of the TBR associated with formation of
such stacks beyond previously achieved results. By adjust-
ing, for example, the time, the sonic power, and the seeding
media the present inventors have demonstrated control of
the thickness of the stack and density of the dispersion in
such a way to optimize the TBR associated with presence of
such a layer between GaN and diamond. In particular, by
replacing the dielectric interlayer with a relatively thick (in
seeding terms) and thermally conductive ultra-nano and/or
nano-crystalline diamond coating for nucleation, the present
inventors have eliminated two thermal interfaces and one
thermally challenged nucleation/protection layer.

The layer of polycrystalline CVD diamond material can
be bonded to the layer of compound semiconductor material
via a layer of nano-crystalline diamond having a layer
thickness 1n a range 5 to 50 nm, 10 to 40 nm, or 15 to 30 nm.
Auger depth profiling can be used for the establishment of
an ultra-nano-crystalline seed layer (the thickness of the
seed layer 1n one example being about 25 nm).

FIG. 5 shows a Transmission Electron Micrograph (TEM)
cross-section of the ultra-nano-crystalline seed layer indi-
cating a well-defined, ordered nano-crystalline diamond
interface with discernible diamond seeds and free of inter-
facial voids. The layer of nano-crystalline diamond may
have a volume fraction of voids as measured using trans-
mission electron microscopy imaging of no more than 10%,
8%, 6%, or 4%. Alternatively, or additionally, the layer of
nano-crystalline diamond may have no voids having a
thickness greater than 20 nm, 15 nm, 10 nm, or 3 nm 1n a
representative sample comprising an area of at least 200
nmx100 nm. Preferably, the layer of nano-crystalline dia-
mond has no visible voids discernible 1n transmission elec-
tron microscopy i1maging in a representative sample com-
prising an area of at least 200 nmx100 nm.

The seed layer as described above enables polycrystalline
CVD diamond material to be directed deposited on a com-
pound semiconductor substrate without the requirement for
a dielectric interlayer. While the present invention can be
applied to a range of compound semiconductors, according
to certain embodiments the layer of compound semiconduc-
tor material comprises a III-V compound semiconductor
materal, e.g. galllum nitride.

The layer of polycrystalline CVD diamond material
grown on the seed layer may have a thickness of at least 5
micrometers, 10 micrometers, 20 micrometers, 30 microm-
eters, 50 micrometers, 80 micrometers, 100 micrometers,
200 micrometers, 300 micrometers, or 500 micrometers.
While the seed layer comprises nano-crystalline diamond
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particles, the overlying polycrystalline CVD diamond mate-
rial grown on the seed layer preferably comprises micron
scale grains (1.e. the layer of polycrystalline CVD diamond
material comprises grains having a size greater than 1
micron), and 1s preferably microwave plasma CVD diamond
material, as this type ol polycrystalline CVD diamond
material has a higher thermal conductivity than hot filament
polycrystalline CVD diamond and/or nano-polycrystalline
CVD diamond.

FIG. 6 shows a schematic diagram of a three layer
structure as described above comprising a layer of com-
pound semiconductor material 70, a layer of nano-crystal-
line diamond 72, and a layer of micro-crystalline diamond
74.

The method of fabricating a semiconductor device struc-
ture as defined above comprises:

providing a substrate comprising a layer ol compound

semiconductor material;

forming a seed layer of nano-crystalline diamond having

a layer thickness 1 a range 5 to 50 nm, 10 to 40 nm,
or 15 to 30 nm on a surface of said substrate; and
growing a layer of polycrystalline CVD diamond on said

seed layer using a chemical vapour deposition (CVD)
technique.

The seed layer can be formed using a nanocrystalline
diamond powder having an average particle size ol no more
than 15 nm or 10 nm and/or no less than 1 nm. A D90
particle size of the nanocrystalline diamond powder used in
the seeding step can be no more than 40 nm, 30 nm, or 20
nm. Furthermore, the seed layer can be formed using a
colloidal suspension of nanocrystalline diamond powder and
deposition parameters, such as deposition time and sonic
power, can be controlled to achieve the required effective
thermal boundary resistance (IBR_,).

One method for preparing the compound semiconductor
substrate 1s to bond a GaN on silicon waler to a carrier
silicon waler and then etch off the growth silicon water
leaving the bonded waler intact. After the removal of the
growth silicon water the back side of the GalN material 1s
exposed. This exposed surface 1s then submerged 1n a tank
with nano-diamond seeds in an alcohol solution and the
entire tank 1s ultrasonically seeded for a period of 10
minutes. The adjustment of the thickness of the seed layer 1s
made by adjusting the exact time of the seeding. This exact
time depends on the density and size of particles. The
compound semiconductor substrate 1s then removed from
the tank and spun dry to remove poorly attached seeds. The
resultant watfer, after the alcohol dries 1s ready for diamond
deposition.

The nano-crystalline layer serves as both a nucleation
layer and a protective layer for the compound semiconductor
substrate. This results 1n a low TBR 1n combination with the
retention of good GaN electronic properties, 1.e. the GaN 1s
not unduly damaged by the CVD diamond growth process
due to the presence of the nano-crystalline diamond seed
layer. As such, the present invention provides a synthesis
route to the first successiul demonstration of direct attach-
ment of diamond to GaN without damaging the GaN. For
example, the compound semiconductor epilayer structure
may have one or more of the following characteristics while
being directly bonded to a diamond heat spreading layer:

a charge mobility of at least 1200 cm*V~" s™', 1400

cm*V~! s7!, or 1600 cm*V~! s71;

a sheet resistance of no more than 700 €2/square, 600

(2/square, or 500 £2/square;
a current leakage of no more than 10~ amps, 107° amps,
10”7 amps; and
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a maximum power of at least 5 W/mm, 6 W/mm, or 7
W/ mm.

While this invention has been particularly shown and
described with reference to embodiments, 1t will be under-
stood to those skilled in the art that various changes in form
and detail may be made without departing from the scope of
the invention as defined by the appending claims.

The mvention claimed 1s:

1. A semiconductor device structure comprising;:

a layer of compound semiconductor material; and

a layer of polycrystalline CVD diamond material,

wherein the layer of polycrystalline CVD diamond mate-

rial 1s bonded to the layer of compound semiconductor
material via a layer of nano-crystalline diamond which
1s directly bonded to the layer of compound semicon-
ductor material, the layer of nano-crystalline diamond
having a thickness 1n a range 5 to 50 nm and configured
such that an eflective thermal boundary resistance
(IBR_4) as measured by transient thermoretlectance at
an 1nterface between the layer of compound semicon-
ductor material and the layer of polycrystalline CVD
diamond material is no more than 50 m*K/GW.

2. A semiconductor device structure according to claim 1,
wherein the thickness of the layer of nano-crystalline dia-
mond 1s 1n a range 10 to 40 nm.

3. A semiconductor device structure according to claim 1,
wherein the thickness of the layer of nano-crystalline dia-
mond 1s 1n a range 15 to 30 nm.

4. A semiconductor device structure according to claim 1,
wherein the layer of nano-crystalline diamond has a volume
fraction of voids as measured using transmission electron
microscopy 1maging of no more than 10%.

5. A semiconductor device structure according to claim 4,
wherein the volume fraction of voids 1n the layer of nano-
crystalline diamond 1s no more than 8%.

6. A semiconductor device structure according to claim 1,
wherein the layer of nano-crystalline diamond has no voids
having a thickness greater than 20 nm 1n a representative
sample comprising an area of at least 200 nmx100 nm.

7. A semiconductor device structure according to claim 6,
wherein the layer of nano-crystalline diamond comprises no
volds having a thickness greater than 15 nm 1n a represen-
tative sample comprising an area of at least 200 nmx100 nm.

8. A semiconductor device structure according to claim 1,
wherein the layer of nano-crystalline diamond has no visible
volds discernible in transmission electron microscopy imag-
Ing in a representative sample comprising an area of at least
200 nmx100 nm.

9. A semiconductor device structure according to claim 1,
wherein the layer of polycrystalline CVD diamond material
has a thickness of at least 5 micrometers.

10. A semiconductor device structure according to claim
1, wherein the layer of polycrystalline CVD diamond mate-
rial comprises grains having a size greater than 1 micron.

11. A semiconductor device structure according to claim
1, wherein the eflective thermal boundary resistance (TBR-
) as measured by transient thermoreflectance at an inter-
face between the layer of compound semiconductor material
and the layer of polycrystalline CVD diamond material 1s no
more than 40 m*K/GW.

12. A semiconductor device structure according to claim
1, wherein the layer of compound semiconductor material
comprises a I1I-V compound semiconductor materal.

13. A semiconductor device structure according to claim
12, wherein the II1I-V compound semiconductor material 1s
gallium nitride.
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14. A semiconductor device structure according to claim
1, wherein the compound semiconductor layer has one or
more of the following characteristics:

a charge mobility of at least 1200 cm*V~" s7';
a sheet resistance of no more than 700 £2/square;

a current leakage of no more than 10~ amps; and
a maximum power of at least 5 W/mm.

15. A semiconductor device structure comprising:
a GaN layer;

a dielectric layer disposed on the GaN layer;

d

layer of nano-crystalline diamond disposed on the
dielectric layer; and

a layer of polycrystalline CVD diamond material disposed

on the layer of nano-crystalline diamond,

wherein the dielectric layer has a thickness in a range

28-100 nm and an effective thermal boundary resis-
tance (IBR_,) as measured by transient thermoretiec-

10

15

12

tance at an intertace between the GaN layer and the
layer of polycrystalline CVD diamond material 1s
12-50 m*K/GW, and

wherein the layer of nano-crystalline diamond has no
volds having a thickness greater than 20 nm 1n a
representative sample comprising an area of at least

200 nmx100 nm.

16. A semiconductor device structure according to claim
15, wherein the dielectric layer comprises a ceramic mate-
rial.

17. A semiconductor device structure according to claim
15, further comprising:

an AlGaN layer, the GaN layer being disposed on the

AlGaN layer.
18. A semiconductor device structure according to claim

15, wherein the layer of nano-crystalline diamond has a
volume fraction of voids of no more than 10%.
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